End gas auto-ignition and transition of flame front are considered as the main causes of severe pressure oscillation in spark-ignition engines, which is one of the major features of knock and superknock. The knowledge of characteristics of auto-ignition, flame front development, propagation of pressure wave and relations between them, still needs to be maintained. In this study, flame front transition induced by pressure wave and auto-ignition are investigated using one-dimensional simulation with detailed chemistry in an enclosed space Calculation cases with different initial thermodynamic conditions are investigated. Mass fraction of OH is employed as indicator of autoignition progress under variable conditions caused by pressure wave. Different propagation modes of flame front, including subsonic deflagration, detonation and supersonic deflagration, are developed under the effects of both pressure wave and auto-ignition. Results show that mass fraction of OH could successfully reflect auto-ignition progress, thus indicating occurrence and sequence of auto-ignition at different locations. Transitions from deflagration to detonation and detonation to supersonic deflagration are found to be triggered by sequential auto-ignition with different gradient of auto-ignition progress ahead of flame front induced by pressure wave.
Introduction
As transportation is worsening energy shortage, engine downsizing has become an efficient way of reducing fuel consumption [1] . Compared with normal engine, smaller combustion chamber of a downsized engine permits a better operation region that limits some typical engine losses such as pumping and friction losses, thus leading to higher thermal efficiency. This technique is normally implemented with high compression ratio and inlet gas charging in order to maintain power levels, which will lead to higher pressure and temperature at TDC (Top Dead Center), and thus resulting in great tendency of knock. Knock is unfavorable to engine thermal efficiency and, under severe conditions, causes erosion and damage of combustion chamber. It's commonly believed that knock is mainly caused by end gas auto-ignition, usually triggered by hot spots [2] [3] [4] which are formed through multiple ways, such as heat transfer from hot surface, convection with residual gas and temperature inhomogeneity due to turbulence, heat losses through walls and fuel injection. Besides, high peak pressure of pressure oscillation during super knock is considered by some researchers to be caused by the occurrence of detonation [5] [6] [7] [8] , no matter it is formed directly by hot spot or by acceleration of flame front.
Unlike the ignition triggered by spark, which usually develops into a subsonic deflagration, autoignition initialized from a hot spot with mild temperature gradient would results in much more intensive combustion mode, leading to pressure oscillation in combustion chamber. The different regimes of reaction wave initialized by hot spots with non-uniform initial conditions were first studied theoretically and numerically by Zeldovich [9] using a one-step chemical model. He figured out that spontaneous reaction wave can propagate through a reactive material along a spatial gradient of parameters such as temperature and species concentration that leads to different reactivities or ignition delay. Considering an area with temperature gradient along x-direction, autoignition will first occur at the location with the temperature corresponding to the shortest ignition delay, and the spontaneous reaction wave then propagates along the gradient with the speed:
where is ignition delay as a function of initial temperature gained from experiment or chemical kinetics calculation. According to their relationships with Chapman-Jouguet speed and sound speed, different values of indicate the initialization of different regimes of spontaneous reaction wave, such as detonation, deflagration and homogenous explosion. This gradient theory was afterwards studied by many researchers using detailed chemistry, who focused mainly on the initialization and propagation of reaction wave [10] [11] [12] [13] . In multi-dimensional simulation, Robert et al. [14] studied knocking phenomenon in a downsized engine using LES and found that super-knock due to Deflagration to Detonation Transition (DDT) is triggered by coupling of auto-ignition front, while non-coupling of auto-ignition only causes conventional knock. DDT in hydrogen-air mixtures with concentration gradients numerically studied by Wang [15] shows that unburned hydrogen can be potentially re-ignited once more fresh air is available, resulting in subsequent explosions.
Based on these theory, initialization of flame front along hot spot with temperature gradient is closely linked to auto-ignition phenomenon. However, the effect of pressure wave on unburned mixture in closed space is rarely considered in simulation carried out before. No matter how autoignition behaves, pressure wave is always generated at the initial moment of combustion due to density discontinuity between burned and unburned area, and travels away from flame front at local sound speed if no detonation is formed [16] . Experiments also showed that pressure oscillation is caused by pressure wave [17] , which compresses and disturbs unburned gas, creating turbulence and inhomogeneity, is closely linked to transition phenomenon of flame front. When in a closed chamber like engine cylinder, pressure wave could be reflected by cylinder walls and interacts with reaction front, thus making combustion process more complicated. Yu and Chen [18] simulated hydrogen/air mixture in a 1-D closed chamber, whose results showed that auto-ignition and detonation development can be induced by increasing the initial temperature, initial pressure, or chamber length. The similar effect of interaction between pressure wave and end gas is studied by Matsuura et al. [19] , in which they found that a balance would be reached between flame speed and compression intensity to set back auto-ignition, which results in less chance for knock. Yamashita et al. [20] realized visualization observation of spontaneous ignition under controlled burst pressure in a plunger system, whose results confirmed that multiple auto-ignition points occurs near wall due to shock wave propagation in the tube. Oran and his co-workers [21] numerically studied shock-flame interactions in reactive mixture. They found that flame generates and enhances shock waves, which in turn creates turbulence in flames, thus promoting the formation of hot spots, causing autoignition and DDT. Similar phenomenon were also observed by Molkov et al. [22] , but in a much larger scale. They modeled hydrogen-air deflagration in a long tunnel, where initial pressure wave develops into a shock due to reflection by obstacles.
From works mentioned above, auto-ignition under effect of pressure wave is supposed to be a possible cause of transition from one from to another, the investigation into which needs to be maintained. The aim of this work is to investigate formation of different modes of flame front triggered by auto-ignition of unburned mixture affected by propagation of pressure wave under ambient conditions near TDC. One dimensional simulation is carried out in an enclosed space with detailed chemistry. Different initial conditions are considered, within which flame front is initialized by hot spots. Several typical modes of flame development are analyzed and mass fraction of OH is employed to indicate the auto-ignition progress of unburned gas. One-dimensional simulation is conducted here because of its detailed description of pressure wave and flame structure and clarity of analysis. It has to be stated that this simulation rules out the effect of turbulence, boundary layer and heat transfer from walls, as well as inhomogeneity caused by intake and compression in practical engine. Besides, selection of initial temperature is slightly higher than in practical enginerelevant condition, in order to accelerate auto-ignition progress and reduce total calculation time to save computational resources.
Specifications of model and numerical methods

Physical model
As shown in Fig. 1 , stoichiometric hydrogen/air mixture is filled in a one-dimensional domain with length L = 2 cm, which is a good order of magnitude of the distance between the piston and the cylinder head a few crank angle degrees after Top Dead Center (TDC). Hydrogen, known as a renewable clean energy carrier, is utilized as fuel of SI engine in which abnormal combustion also occurs as in that fueled by gasoline [23] [24] [25] . Also, chemical mechanism of hydrogen is the most wellestablished and the concisest. Compared with simulation carried out with one-step model [12] , detailed mechanism of hydrogen shows more accurate results in calculating low temperature reaction and spontaneous reaction wave, which is extremely crucial to this study. Therefore detailed hydrogen combustion mechanism of 9 species and 25 reactions, developed by Li et al. [26] , is employed in this study, since it shows good performance in predicting ignition delay and flame speed under high pressure. A recent study on ability of various recent hydrogen combustion mechanisms under engine relevant conditions can also be found in Ref. [27] . As this study focuses on auto-ignition and transition behavior of reaction front in presence of pressure wave, initial temperature gradient of hot spot, which could lead to different regimes of flame, is not considered here. Therefore, the length of hot spot at left boundary is set as ℎ , with uniform temperature ℎ and pressure 0 , while the temperature and pressure in unburned area are 0 and 0 , respectively. Table 1 lists the initial conditions of the cases being calculated. It is obvious that different 0 and 0 mean different tendency of auto-ignition and different propagation speed of pressure wave and flame front. 0 of 10 atm is low for unburned gas near TDC, but could exhibit more significant comparisons with cases of 40 atm. As the role that pressure played in auto-ignition is minor compared with temperature, thus larger gap is needed to exhibit difference caused by pressure. Different ℎ indicates different ignition delay of hot spot, which results in different preparation time for end gas to auto-ignite prior arrival of flame front, however in this study only 1200 K is used since role of ℎ could be replaced by other parameters. Energy release within hot spot could be considered as instantaneous and the change of temperature distribution during ignition delay time could be neglected, thus all the mixture in hot spot is considered to auto-ignite simultaneously. Rapid heat release generates great pressure discontinuity between hot spot and unburned area, thus initializing a pressure wave propagating towards unburned mixture. Apparently, higher ℎ leads to stronger pressure wave, which diminishes slower than pressure wave initialized by that with lower ℎ . The calculated cases exhibit quite different properties. Some typical cases are shown in details in the following sections. 0 is set between 900 K and 1100 K, which is slightly higher than unburned gas mixture in common SI (Spark Ignition) engine, to promote auto-ignition within relatively shorter period and smaller domain size. Actually, this temperature range can be easily achieved in a HCCI (Homogenous Charge Compression Ignition) engine [28] as well as in a GCI (Gasoline Compression Ignition) engine [29] . Moreover, inlet gas charging, fuel direct injection and temperature inhomogeneity due to above mentioned reasons may also result in local high temperature, therefore the selection of T0 can be considered reasonable in this study. 
Numerical methods
Simulation is carried out using in-house code Adaptive Simulation of Unsteady Reactive Flow (ASURF), which showed good performance in recent works [30] [31] [32] for predicting auto-ignition and propagation of flame front and pressure wave. The code solves the conservation equations of one dimensional, compressible, multi-component, reactive flow using finite volume method:
where the vectors , ( ), ( ), and are defined as:
where denotes the density, the velocity, = − + 2 2 + ℎ the total energy per unit volume, ℎ the total enthalpy per unit volume, the hydrostatic pressure, the viscous stress tensor, the heat flux, , ′ and the mass fraction, diffusion velocity vector and production rate of the th species, respectively. Strang splitting fractional-step procedure of second-order accuracy is utilized to separate time evolution of the stiff reaction term from that of the convection and diffusion terms. In the first fractional step, the non-reactive flow is solved. The Runge-Kutta, central difference, and MUSCLHancock schemes, all of second-order accuracy, are employed for calculating temporal integration, diffusive flux and convective flux, respectively. In the second fractional step, detailed chemistry is solved using VODE solver, while reaction rates, thermodynamic and transport properties are evaluated using CHEMKIN and TRANSPORT packages [33, 34] . A multi-level, dynamically adaptive mesh refinement algorithm is used to maintain adequate numerical resolution of moving reaction and pressure front. When solving problems where shock wave occurs, proper mesh resolution is quite crucial to obtain a result within minor error while cost acceptable computing resources. In considering both accuracy and computational time, the flame front and pressure wave are eventually covered by the finest mesh of 0.4 μm by adjusting CFL number, with corresponding time step of 5e-11 s. Previous works [13, 18] also showed that A-SURF can accurately capture shock wave propagation and show good prediction of detonation speed close to that of Chapman-Jouguet value. More details of numerical schemes and code validations of A-SURF can be found in Refs. [35, 36] and Supplementary Materials.
Results and discussion
Indicator of auto-ignition progress
Several parameters were used to indicate reaction progress of unburned mixture, for instance, temperature of end gas [37] and value of Livengood-Wu Integral [38, 39] . However, during simulation of this work, temperature of unburned mixture is affected not only by heat release of reaction, but also by compression and expansion effect of pressure wave, which makes temperature impractical to be an accurate indicator. Livengood-Wu Integral enables prediction of ignition delays under variable conditions, but is only supposed to be used without detailed chemistry where low temperature reaction is ignored. In that case, the mass fractions of specific intermediate species in pre-mixed unburned gas which are only affected by chemical reactions and species transport tend to be a proper parameter to represent auto-ignition progress. A chemical kinetic study is carried out using CHEMKIN-PRO to investigate the capability of species mass fraction of indicating auto-ignition progress, where ignition moment is defined as the moment with maximum temperature rise rate. Fig. 2 Fig. 3 . It can be observed that YOH reaches peak value near ignition moment and stays at a lower value after chemical equilibrium is reached. Since OH at ignition moment differs from each other for different initial conditions, a threshold value exceeding which the ignition is excited, is to be decided for indication of auto-ignition progress. OH = 1 − 4 seems to be an ideal selection as unburned mixture at different cases all come to ignition within 1.5 μs after threshold value is reached and maximum difference between each case is less than 1 μs Autoignition progress, , is therefore defined as normalized mass fraction of OH: = OH /1 − 4. When reaches unity, auto-ignition is excited and would occur within several microseconds. If mixture at one location is burned due to arrival of flame front, would suffer sharp increment and reaches a value much higher than unity within very short time interval since intermediate species have very few time to accumulate. Therefore, with indication of I, whether combustion is due to flame propagation or auto-ignition can be inferred, and the extent how unburned mixture is close to autoignition can be qualitatively perceived. 
Developing detonation
Results obtained from Case (1) is observed with absence of auto-ignition, the reason of which is expected to be insufficient temperature of unburned mixture to reach ignition delay before arrival of flame front. Therefore the results of Case (1) are not shown here. In order to achieve end gas autoignition before main flame consumes all mixture, 0 has to be increased so that ignition delay of end gas decreases to a level shorter than propagation time of flame front. Fig. 4 shows evolutions of temperature and pressure profiles in Case (2). Compared with Case (1), unburned mixture attains sufficiently high reactivity to reach auto-ignition before initial flame front sweeps through entire domain. It can be observed that auto-ignition occurs at both reaction front and right boundary. At first, initial flame front propagates at the speed of 70 m/s with pressure wave propagating at 900 m/s, which approximately equals to sound speed. The transition of reaction front occurs at 118.35
s, at which moment the pressure profile comes up with a sudden rise. This explosion-like phenomenon generates two pressure waves, one propagating towards the same direction as the reaction front with very high peak value and sharp discontinuity, while the other propagating towards the opposite direction but with a much lower peak value, which is expected to be caused by partially transmissive effect of reaction front, just as mentioned in Case (1). The right-propagating pressure wave couples with flame front and propagates together at the speed of approximately 1957 m/s, which is very close to the Chapmane-Jouguet (C-J) detonation speed of 1958 m/s. It has to be noted that C-J speed here is calculated based on 0 and 0 , which would be slightly different from that based on conditions of unburned gas affected by pressure wave and slow reaction. The mixture at right boundary auto-ignites a few microseconds earlier than the occurrence of transition and forms a detonation at the speed around 2047 m/s, which decelerates to approximately 1930 m/s, nearly the same as that formed by flame front transition. Same transition process is also observed in the works of Yu and Chen [18] , in which the author suggested that the transition is mainly due to local auto-ignition in front of flame front. In order to figure out if the auto-ignition occurs, at transition location = 0.72 cm, as well as that at = 1.20 cm and = 1.99 cm, are investigated.
Figure 4 Evolutions of temperature and pressure profiles in Case (2).
As unburned gas mixture is affected by propagating pressure wave and would not stay at one location, particles tracking method is implemented to acquire parameters that varies as location of particles are influenced by pressure wave. In simulation, the position of a tracking particle is first updated according to its flow velocity and time step size, then its thermodynamic conditions, flow velocity and species fraction are obtained implementing linear extrapolation of corresponding values at its two neighboring grids. Evolutions of temperature and I at different locations are plotted in Fig.  5 . It can be observed that temperature at different locations oscillates as pressure wave passes by, while = 1.99 cm suffers the highest temperature increase due to reflection of pressure wave. The three locations are affected by pressure wave several times, each of which increases the value of due to chemical equilibrium at different temperature, making it faster for this location to reach autoignition, although value of decreases a little as temperature decreases after passage of pressure wave. Comparing at = 0.72 cm with = 1.99 cm, it can be seen that pressure wave causes 3 times more increases of as it passes through = 0.72 cm 5 times regardless of propagation direction, while pressure wave can only be reflected at = 1.99 cm. However, temperature rise caused by pressure wave reflection is higher, therefore the auto-ignition progress indicated by at = 1.99 cm exceeds that at = 0.72 cm at approximately 35 s After several interactions with pressure wave, unburned gas in front of flame front and at right boundary finally reaches critical condition of auto-ignition, with temperature rising sharply above 2000 K and reaching 1.0. In comparison, at = 1.20 cm reaches only 0.017 before this location is swept by flame, and rapidly increases to more than 100 due to combustion triggered by detonation front, which indicates the absence of auto-ignition. To further verify that transition is triggered by local high reactivity, auto-ignition progress near transition location is investigated. Fig. 6 shows evolutions of temperature and near = 0.72 cm. It can be seen that transition process starts near 118.00 s and a stable detonation wave with strong discontinuity is formed at about 119.00 s. The profile of at both 118.00 s and 118.50 s remain smooth and continuous ahead of flame front, which ranges from 0.1 to 10, indicating that the unburned mixture along a section of distance with temperature gradient near flame front is very close to auto-ignition. In comparison, profile of at 119.00 s has obvious discontinuity at = 0.85 cm through which jumps from 0.6 to 300 that evades the range close to auto-ignition, which is due to discontinuity of detonation wave. Thus unburned mixture is ignited by intense precursor shock of detonation, rather than auto-ignition ahead of flame front due to self-reinforced chemical reaction at 118.00 s and 118.50 s. 
Effect of pressure wave on DDT
If pressure wave is strong enough, unburned mixture would be heated up to auto-ignition very fast, which is similar to direct detonation from a hot spot, and end gas auto-ignition has no sufficient time to occur before flame front arrives as detonation is formed at very early stage. Fig. 7 shows the evolutions of temperature and pressure profiles in Case (3). As ℎ increases compared with Case (2), more energy is released when hot spot ignites and therefore a stronger pressure wave is generated, with overpressure of about 7.5 bar, which is higher than that in Case (2) . The pressure rise caused by this stronger pressure wave also lasts longer, which maintains high temperature for longer period. The more effective impact of pressure wave accelerates auto-ignition process ahead of flame front, which finally forms a detonation at early stage. The detonation propagates near C-J detonation speed, quickly catches up with initially formed pressure wave and arrives right boundary without occurrence of end gas auto-ignition. Evolutions of temperature and I near transition location = 0.8 cm are plotted in Fig. 8 . It can be observed that leading pressure wave compresses unburned mixture near = 1.20 cm and causes temperature rise, which significantly leads I to a considerable value that continues to increase before flame front arrives. The initial deflagration propagates into highly-reactive unburned mixture and encounters similar transition process with that in Case (2), however the high reactivity of unburned gas ahead of flame front is mainly induced by stronger pressure wave rather than both weaker pressure wave and accumulation of intermediate species. Since propagation speed of detonation is quite high, the remaining unburned gas has no sufficient time to come to auto-ignition before detonation arrives, as the discontinuity which can be observed in profile of 20.50 s. 
Supersonic deflagration
In above sections, transition from deflagration to detonation is observed and can be attributed to high reactivity of unburned gas ahead of flame front. Once detonation is formed, unburned mixture is rapidly swept by it because detonation leaves no sufficient time. However, there still exists possibility that ahead of detonation front reaches a sufficient high level that unburned mixture comes to auto-ignition before caught up by detonation. In that consideration, another transition mode from detonation to supersonic auto-ignitive deflagration is simulated through Case (4). With higher 0 , the ignition delay of hot spot is longer and the propagation speed of flame front is slower, which leaves more preparation time for auto-ignition and transition compared with Case (2). Fig. 9 shows evolutions of temperature and pressure profiles in Case (4). After a period of time during which the flame front and pressure wave propagates, end gas auto-ignition occurs at right boundary and develops into a detonation propagating near C-J detonation speed at 221.50 s, until 223.35 s, the unburned mixture in front of left-propagating detonation begins to auto-ignite. The auto-ignition forms a new reaction front propagating at a speed of above 5000 m/s, which is much higher than C-J detonation speed. As new flame front decouples from initial pressure wave, the pressure peak of leading pressure wave decreases from about 374 atm to less than 244 atm, but still higher than that of 104 atm behind detonation wave. The new flame front after transition of initial detonation wave could be considered as a supersonic deflagration. Obviously, the auto-ignition progress of the location in front of detonation wave reaches a critical value, which leaves no sufficient time for the arrival of detonation. As auto-ignition progress of location closer to initial reaction front is faster, it auto-ignites earlier than the location, which is further. In this sequential auto-igniting manner, a deflagration is formed but propagates at a much faster speed than detonation does. The temperature and profiles of the three representative locations in Case (4) are plotted in Fig. 10 .
Three tracked locations are = 1.39 cm, = 1.70 cm and = 1.99 cm, representing locations that are swept by supersonic deflagration, detonation and auto-ignition, respectively. It can be seen from temperature profiles that pressure wave generated by main flame front propagates through three locations at different times and causes pressure oscillations leading to different temperature rise. The same as shown in Fig. 4 , the right boundary = 1.99 cm suffers the greatest temperature rise due to reflection of pressure wave, which greatly speeds up its auto-ignition progress. The at = 1.99 cm is the first to reach unity, indicating the first occurrence of auto-ignition at = 1.99 cm. Then I at = 1.70 cm jumps from 0.1 to 100 at about 221.75 s due to arrival of detonation wave from right boundary. Even though = 1.39 cm is swept by deflagration front, I profile of it smoothly increases from 0.1 to 10 without sharp discontinuity, indicating that auto-ignition appears at this location. Evolutions of temperature and near = 1.39 cm are plotted in Fig. 11 . When detonation is formed and propagating towards left at 221.50 s, ahead of detonation front approaches 0.1, which is quite close to auto-ignition. Auto-ignition progress keeps increasing as shown by profile of 223.00 s. It can be observed that transition starts around 223.30 s while ahead of detonation front exceeds 1. Unlike in Figs. 6 and 8, profile in Fig. 11 not only has higher overall value, but also has milder gradient, which means the unburned mixture would auto-ignite earlier and the ignition moments of different locations are much more close. Since the condition of unburned gas is changing due to propagating pressure wave, it is difficult to give an exact prediction of time interval from one auto-ignition progress to another. However, the transition mechanism between detonation and supersonic deflagration, as well as the role played by gradient, can be further demonstrated through one simple simulation similar to the work of Kapila et al. [40] . As shown in Fig. 12a , a two-stage linear temperature gradient is introduced in calculation domain. Temperature first decreases from 1800 K at left boundary to 1240 K at 2.25 cm, and then to 1200 K at right boundary, while 0 = 10 atm and total length of 4 cm. It can be observed that a supersonic deflagration is first formed near left boundary and then transits into detonation near = 4.50 s. The reason is expected to be coupling between shock and reaction zone caused by decrease of flame front. The detonation propagates for a short distance until a new reaction front, which is actually a supersonic deflagration front, is formed in front of detonation front near = 8.00
s. Finally, before flame reaches right boundary, supersonic deflagration again transits into detonation, which is indicated by the second pressure peak at = 12.20 s. Evolutions of flame speed, calculated by Eq. (1) and 1 simulated by ASURF simulation, are plotted in Fig. 12b to clarify this complex transition process. It is obvious that 1 matches well with at the first stage and maintains near C-J speed after drops below 1 . However, 1 does not exceed near = 2.34 cm as usp behaves, but is delayed until detonation transits back into supersonic deflagration near = 2.74 cm, which can be explained as that the time unburned gas goes through before reaction wave arrives is shorter than its , which holds back auto-ignition ahead of reaction front. at = 2.34 cm and = 2.74 cm are 6.76 s and 7.84 s, respectively. Finally, again drops below , and supersonic deflagration transits into detonation again. 
Conclusions
In this study, end gas auto-ignition and flame front transition of stoichiometric hydrogen/air mixture under effect of pressure wave is simulated in one-dimensional domain with detailed chemistry. Cases under different initial conditions are considered and different combustion modes due to pressure wave and auto-ignition are observed. The main findings can be summarized as follows:
During chemical kinetic study of homogenous auto-ignition of stoichiometric hydrogen/air mixture, mass fraction of OH is employed as indicator of auto-ignition progress and a threshold value of 1 − 4 is found to be a proper criterion to identify auto-ignition moment with minor error less than 1.5 s. When reaches unity at one location in ASURF simulation, auto-ignition is considered to occur.
Flame front is observed to exhibit different forms during propagation. As initial temperature increases, auto-ignition occurs at right boundary due to more intense higher reactivity of unburned mixture, while longer length of hot spot generates pressure wave with higher amplitude that triggers DDT at early stage of simulation. Supersonic deflagration is also observed in case with higher initial pressure, since longer ignition delay as well as lower propagation speed of flame front under higher pressure leaves unburned mixture more time to auto-ignite. With indication of , transition of propagating flame front from deflagration to detonation is found to be triggered by local autoignition ahead of flame front.
Study on distribution of indicates that sequential auto-ignition is a major factor of transition of flame. Inhomogeneity is caused by inducement of pressure wave and lead to gradient distribution of along unburned mixture. When ahead of subsonic deflagration flame front reaches sufficiently high level with sharp gradient, transition from deflagration to detonation is supposed to happen. The detonation from right boundary is also transited from subsonic deflagration generated by end gas auto-ignition, but appears faster as end gas has higher due to reflection of pressure wave. If profile ahead of detonation has sufficiently high level with mild gradient, detonation starts to transit to supersonic deflagration. If end gas is not affected by pressure wave before flame arrives, no gradient of is formed and thermal explosion is about to happen after ignition delay time like a homogenous auto-ignition.
In general, this work discusses the method of utilizing OH species to indicate the auto-ignition progress of unburned gas and testifies the possible reason that leads to flame transition. It is similar to the works based on Zeldovich gradient theory but includes the influence of pressure wave on unburned gas conditions and more focuses on transition processes. The research shows some new aspects of interaction between flame propagation and auto-ignition, and might bring some new ideas on study of mechanism of knock and super-knock.
There are some limitations in this work that can be improved in future works. In order to limit the issues to a relatively simple view, one-dimensional simulation carried out here ignores the influence of turbulence, boundary layer, obstacles, heat transfer with walls, triple-point of shockwave and so on [41] [42] [43] [44] , which are believed to have non-ignorable effect on temperature distribution and occurrence of auto-ignition.
